Introduction
We have reported a novel method to introduce a durable surface wettability and minimize its decay with time on several hydrophobic polymers, such as polyethylenenaphthalate, polyethylene, and nylon-12. [1] [2] [3] [4] [5] This method involves sorption of methylvinylether-maleic anhydride copolymer (VEMA) into the surface layer and immobilization by a plasma-assisted cross-link reaction. Hydrolysis of VEMA follows to generate carboxyl groups on the surface. Durable surface hydrophilicity introduced in this way has been confirmed both by measurement of the water contact angle and by demonstration of the long-term stability of the surface lubricity on the urethane-made catheter. Several types of bioactive compounds, such as oligo-DNA, heparin, enzyme, and so on, were immobilized onto the durable hydrophilic surface described above.
For example, a large amount of oligo-DNA could be immobilized on the durable hydrophilic surface, and the immobilized oligo-DNA could apparently distinguish the complementary oligo-DNA from its single nucleotide polymorphism. However, it was difficult to immobilize enzymes possessing high activity on the durable hydrophilic surface.
We have recently developed a novel fabrication of self-assembled phospholipid (phosphatidyl choline (PC)) layer on hydrophobic polymer surface by plasma-assisted method. [6] The procedure is as follows: (Fig. 1) Alkyl amines, such as hexamethylene diamine (HMDA), were immobilized on the durable hydrophilic film, LDPE-VEMAC film, by condensation reaction to produce LDPE-HE film. LDPE-HE film was immersed into the suspension of PC to fabricate the self-assembled phospholipid layer, LDPE-PC-SA film. The self-assembled phospholipid layer obtained was thermally stable.
We also fabricated the self-assembled phospholipid layer incorporating stearic acid (StA), LDPE-StA-PC-SA. StA was used as a scaffold to fix a variety of bioactive compounds, such as proteins and antibodies. The model protein, albumin, could be immobilized onto this self-assembled layer. It was also shown that the self-assembled phospholipid layer possessed fluidity.
In this paper, we immobilized the cyclodextrin (CD) derivatives onto the self-assembled phospholipid layer. To obtain the thermally stable material immobilizing CD derivatives, we estimated the thickness of self-assembled phospholipid layer with Avantes compact spectrometer equipped with an optical fiber reflection stage. We immobilized per-6-amino--cyclodextrin as a model compound on LDPE-StA-PC-SA, and labeled the immobilized per-6-amino--cyclodextrin with fluorescein-4-isothiocyanate (FITC-I).
Experimental 2.1 Fabrication of self-assembled phospholipid layer
The LDPE-VEMAC film was prepared according to the method reported previously. [6] Hexamethylene diamine (HMDA) was introduced into LDPE-VEMAC film by the condensation reaction. The LDPE film grafting HMDA, LDPE-HE, was soaked into various concentration of phosphatidyl choline (PC) suspension (10 ml) at 30 ºC. The film was washed with water, and dried in vacuo. The self-assembled PC layer incorporating stearic acid (StA) was fabricated with PC suspension containing StA (10ml) in the same manner. The ratio of StA against PC was constant (PC:StA=1:6).
2.2 Thermal stability of LDPE-PC-SA and LDPE-StA-PC-SA film Optical thickness of self-assembled phospholipid layer on LDPE-PC-SA or LDPEStA-PC-SA film was measured by using Avantes compact spectrometer equipped with an optical fiber reflection stage, which was based on white light interference measurement. After heating LDPE-PC-SA or LDPE-StA-PC-SA film at a prescribed temperature, the thickness was measured.
Synthesis of per-6-amino--cyclodextrin
Per-6-amino--cyclodextrin was synthesized according to the literature. [7] Per-6-azido--cyclodextrin (2 g) was dissolved in DMF (40 ml), and Ph 3 P (6.4 g) was added. After 1h, concentrated aqueous NH 3 (7.5 ml, 28 %) was dropwisely added to the solution. It was stirred at room temperature for 18 h, and the resulting suspension was concentrated under reduced pressure to approximately 10 ml. The product was then precipitated by the addition of ethanol (100 ml). The precipitate was washed with ethanol and dried in vauuo to yield per-6-amino--cyclodextrin (80 %). 
2.4
Immobilization of per-6-amino --cyclodextrin onto LDPE-StA-PC-SA film
The LDPE-StA-PC-SA film was soaked into 10mM phosphate buffer (pH 4.0, 5 ml) containing 48 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) at room temperature for 2h. This film was washed with water. The film was immersed into 5 ml of per-6-amino--cyclodextrin (40 g/ml) in phosphate buffered saline (pH 4.0) at 30 ºC for 24 h. The film obtained was washed with H 2 O.
Fluorescence label of cyclodexrin derivative
The film immobilizing per-6-amino--cyclodextrin was labeled with fluorescein-4-isothiocyanate (FITC-I) to confirm the per-6-amino--cyclodextrin. The surface fluorescence was monitored by fluorescence microscopy Bz-9000 (Keyence).
Results and Discussion
3.1 Effect of the concentration of PC suspension on the thickness of self-assembled phospholipid layer Figure 3 shows the progressive changes in the thickness of self-assembled phospholipid layer. In this experiment, 1 mM and 2 mM PC suspension were used. In both concentrations, the thickness increases after about 6 h of time-lag, and then tends to gradually level off. It is seen that the thickness would be almost constant for 24 h treatment. As the thicknesses at 24 h in 1 mM and 2 mM PC suspension were about 10 nm and 15 nm, respectively. This result indicates that the final thickness might be dependent on the concentration of PC suspension.
PC suspension was about 6 nm, which was almost equal to the thickness of PC double layer. The thickness at 80 ºC in 2 mM PC suspension was as almost same as that in 1 mM. These results suggest that the triple layer of PC would be stable up to 60 ºC and that thermally unstable outer bilayer in 2 mM was eluted at 60 ºC. The similar result was obtained in the case of PC suspension including StA.
Immobilization of cyclodextrin derivative onto the self-assembled phospholipid layer
Cyclodextrins have the remarkable property of including various organic molecules in their central cavity in aqueous solution and have been used as molecular vessels for reactions, binding sites of enzyme models and so on. [8, 9] We immobilized per-6-amino--cyclodextrin onto LDPE-StA-PC-SA film by condensation reaction. The film immobilizing cyclodextrins was labeled with fluorescein-4-isothiocyanate (FITC-I).
It is well-known that the thickness of cytomembrane, lipid bilayer, is about 5 nm. As LDPE-HE film has the grafted alkyl chains on the surface, it is supposed that the hydrophobic part of PC would contact with the grafted alkyl chains as the first layer as shown in Fig. 1 . Therefore, the number of layer fabricated with 1 mM and 2mM PC suspension would be 3 and 5, respectively. Figure 5 shows the surface fluorescence of FITC-I labeled film. Athough LDPE-StA-PC-SA film did not fluoresce, the film immobilizing cyclodextrins showed the fluorescence. It is confirmed that cyclodextrin derivatives were immobilized. Now we are investigating the function of immobilized cyclodextrin as a molecular recognition sensor.
3.2 Changes in the thickness of self-assembled phospholipid layer against temperature Figure 4 shows the changes in the thickness of PC layer against temperature. In 1 mM PC suspension, the thickness unchanged up to 60 ºC, but steeply decreased at 80 ºC. On the other hand, the decrease of thickness at 60 ºC in 2 mM Fig.3 Progressive changes in the thickness of self-assembled phospholipid layer at 1 mM (•) and 2 mM (○) phosphatidyl choline suspension. Fig.4 Plots of the thickness of self-assembled phospholipid layer against temperature at 1 mM (•) and 2 mM (○) phosphatidyl choline suspension.
